The present study examined the influence of dexamethasone (DEX) treatment on preadipocyte recruitment and expression of CCAAT/enhancing binding protein-α (C/EBPα) and peroxisome proliferator-activated receptor-γ (PPARγ) proteins in stromalvascular (SV) cell cultures derived from neonatal subcutaneous adipose tissue and semitendinosus muscles. One adipose tissue SV cell culture and one semitendinosus muscle SV cell culture were established from each of six young pigs (5 to 7 d of age). Conventional SV cell-culture procedures were used to digest adipose and muscle tissue and to harvest and culture adipose and muscle SV cells. Muscles were digested after the removal of all visible connective tissue from the excised muscle. One hour after seeding, muscle SV cell cultures were rinsed and refed new media to remove debris and
Introduction
Marbling, or intramuscular adipose tissue, enhances juiciness, flavor, and overall desirability of meat and has been the focus of many studies attempting to improve meat quality (for review, see Wood et al., 1999) . The influence of dietary conjugated linoleic acids on carcass traits and meat quality in growing pigs demonstrates the potential to increase intramuscular fat deposition while decreasing or maintaining subcutaneous fat deposition (Ostrowska 1 Mention of a trade name, proprietary product, or specific equipment does not constitute a guarantee or warranty by the USDA and does not imply its approval to the exclusion of other products that may be suitable.
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insoluble muscle protein. The SV cell cultures were double-stained for lipid and the AD-3 antibody, a preadipocyte marker, at 1, 3, and 6 d and were double-stained for lipid and C/EBPα or PPARγ at d 6. Preadipocytes were randomly distributed and not clustered after 1 d in muscle and adipose SV cultures. Regardless of treatment, relative and absolute fat cell numbers were lower (P < 0.05) in muscle than in adipose-SV cell cultures. The DEX treatments produced similar magnitudes of increase in relative and absolute preadipocytes and adipocytes in muscle-and adipose-SV cultures. Several extracellular matrix substrata had no influence on adipogenesis in muscle-SV cell cultures. These studies indicate that muscle-SV cultures are characterized by a low number of adipocytes under basal conditions and a low number of glucocorticoid-responsive preadipocytes. et al., 1999; Tischendorf et al., 2002; Wiegand et al., 2002) . Indirect evidence indicated that conjugated linoleic acid feeding in pigs may induce the development or recruitment of intramuscular preadipocytes from stromal-vascular (SV) cells (Meadus et al., 2002) . However, intramuscular preadipocyte development per se was not examined because analysis was restricted to adipocyte marker gene expression in muscle samples (Meadus et al., 2002) . Nevertheless, these studies indicate that preadipocyte development in s.c. and i.m. depots may be regulated differently. The recruitment or developmental regulation of intramuscular preadipocytes in pig muscle-SV cell cultures has not been examined. Furthermore, the development of s.c. and i.m. preadipocytes has never been compared despite the marked differences in the ontogeny and regulation of s.c. and i.m. adipocyte cellularity in pigs (see review of Allen, 1976) .
We adapted the collagenase digestion protocol for adipose tissue stromal-vascular cells to whole neona-tal semitendinosus muscles (referred to herein as muscle-SV cell cultures) to quantify the number of intramuscular preadipocytes and their response to adipogenic agents. This approach permits the direct comparison of the response of muscle-SV and s.c. adipose-SV cells to adipocyte differentiation-inducing agents. We propose that muscle-SV cell cultures will contain fewer preadipocytes and will respond less to conventional adipogenic agents than s.c. adipose-SV cultures.
Materials and Methods
Postnatal pigs were killed at 5 to 7 d of age via intraperitoneal injections of 3 g of sodium pentothal solution followed by exsanguination. Stromal-vascular cells were isolated from subcutaneous adipose tissue and from semitendinosus muscles. Subcutaneous adipose tissue and semitendinosus muscles were both aseptically isolated and all visible connective tissue was removed. Tissues were finely minced and subjected to a 2-h digestion at 37°C in a shaking water bath. The digestion buffer included 100 mM HEPES (Sigma Aldrich, St. Louis, MO) buffer containing 120 mM NaCl, 50 mM KCl, 5 mM D-glucose, 1.5% type-V BSA (Sigma Aldrich), 1 mM CaCl 2 , and a type-II collagenase (Sigma Aldrich) solution. The type-II collagenase solution used to isolate stromal-vascular cells from subcutaneous adipose tissue contained approximately 6,250 collagen digestion units, whereas the solution used for semitendinosus muscle stromalvascular cells contained approximately 12,500 collagen digestion units. Semitendinosus muscle digesta were centrifuged at 500 × g for 5 min. The remaining procedure was similar to a previously described method for isolating stromal-vascular cells from subcutaneous adipose tissue and was used for both semitendinosus muscle and subcutaneous adipose tissue (Hausman, 2000) . Briefly, digesta were passed through sterile 180-m and 20-m sterile nylon mesh filters to isolate digested cells. Cells were rinsed with Dulbecco's modified Eagle's medium (DMEM) and subjected to centrifugation twice at 1,500 × g for 10 min. Viable cells were counted using 0.4% trypan blue and a hemacytometer. Subcutaneous adipose tissue stromal-vascular cells were plated at a density of 0.5 × 10 5 cells per 35-mm culture dish, and semitendinosus muscle cells were plated at a density of 2.5 × 10 5 cells per 35-mm culture dish in DMEM supplemented with 10 mL/L fetal bovine serum (FBS; Sigma Aldrich) or 10 mL/L FBS and 80 nM dexamethasone (DEX; Sigma Aldrich). On d 3, media were aspirated, cells rinsed with DMEM and switched to media containing either 5 U/mL insulin, 5 g/mL transferrin, and 5 ng/mL selenium (ITS) or ITS+DEX (ITS + 20 nM DEX). Thus, three treatment protocols were used in this experiment: 1) FBS + 80 nM DEX on d 0 to 3, followed by ITS on d 3 to 6; 2) FBS on d 0 to 3, followed by ITS + 20 nM DEX on d 3 to 6; and 3) FBS on d 0 to 3, followed by ITS on d 3 to 6, which represents the control or no DEX treatment. Semitendinosus muscle-SV cultures were routinely aspirated 1 h after plating and 2 mL of fresh media was added to each dish. A media change after 1 h of seeding and plating of muscle-SV cells was necessary to remove insoluble myofibrillar proteins and other insoluble debris. Additionally, preadipocytes and fibroblasts attach much earlier than myoblasts; thus, an h-1 rinse would favor preadipocyte and fibroblast attachment but preclude extensive myoblast attachment. Because we did not routinely rinse adipose tissue-SV cultures after 1 h, we examined the influence that an h-1 rinse had on adipose-SV cultures on several substrata in these studies. Adipose-and muscle-SV cells were harvested and cultured from the same pig in six experiments. In an additional four experiments, only muscle-SV cells were harvested and cultured.
In preliminary studies, differentiating preadipocytes in muscle-SV cell cultures did not remain firmly attached, so laminin, fibronectin (FN), and type-IV collagen precoated dishes (BD Biosciences, Bedford, MA) were used with muscle-SV cells in four studies and laminin was used in an additional three studies of muscle-SV cells. In several of these studies, adipose-SV cells were also seeded and plated in FN and laminin dishes. Pig serum was used with muscle and adipose-SV cells in laminin-coated dishes (i.e., 5% pig serum ± 80 nM DEX on d 0 to 3, followed by ITS on d 3 to 6).
Immunocytochemistry. We immunostained with the AD-3 monoclonal antibody to identify or mark preadipocytes (Hausman and Richardson, 1998) . Cultures were also immunostained with the 5.1H11 monoclonal antibody (Developmental Studies Hybridoma Bank, Univ. Iowa, Iowa City) to identify myoblasts and myotubes because this antibody recognizes a cell surface antigen on myoblasts and myotubes. Cultures were fixed and reacted with AD-3 (1/200 of affinity purified IgG) or 5.1H11 (1/50 of affinity purified IgG) and stained with an ExtrAvidin peroxidase staining kit (Sigma Chemical Co.) as described by Hausman and Richardson (1998) . Mouse peroxisome proliferator-activated receptor-γ (PPARγ) antibody and CCAAT/enhancing binding protein-α (C/EBPα) antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The epitope for the C/EBPα antibody (catalogue No. sc-61) corresponds to amino acids 253-265 of rat C/EBPα, and this antibody reacts with the mouse, rat, and human protein. The epitope for the monoclonal PPARγ antibody (catalogue No. sc-7273) maps at the carboxy terminus of human PPARγ, and this antibody reacts with the mouse, rat, and human protein. Considerable Western blot and immunocytochemical analyses indicate that the C/EBPα and PPARγ antibodies also react with pig proteins (Hausman, 2000 (Hausman, , 2003 Tchoukalova et al., 2000) . Staining for the C/EBPα Santa Cruz antibody is blocked by a 2-h preincubation with control peptide (Santa Cruz Immunoreactivity was visualized by using a peroxidase staining kit. Lipid appears as dark-staining droplets in the cytosol. Note the single AD-3-reactive preadipocyte (white arrow) and the myoblast-like cell (black arrow). Also, note the variety of cell morphologies (stars), including some poorly attached cells, ×250.
Biotechnology) for the C/EBPα antibody (Hausman, 2000) . Use of an unrelated primary antibody or second antibody alone showed little to no peroxidase staining. Immunocytochemistry was performed as described by Yu and Hausman (1998) . Briefly, cultures were washed three times with 0.01 M PBS and fixed with 4% paraformaldehyde for 30 min. The cultures for C/ EBPα and PPARγ staining were permeabilized with PBS containing 3% Triton X-100 for 15 min and then incubated with either anti-C/EBPα antibodies (1/50) or anti-PPARγ antibody (1/200). Reactivity was visualized by using an Extravidin peroxidase staining kit (Sigma Chemical Co.). The kits were used as recommended by suppliers. Double-staining simply involved lipid staining (no additional fixation) after peroxidase staining for either PPARγ, C/EBPα, AD-3, or the 5.1H11 antigen. On d 3 and 6, cultures were reacted for the C/EBPα, PPARγ, and the AD-3 antigen. Cultures were only stained for the 5.1H11 antibody on d 6. Three dishes of each treatment were stained at each time point. Cells, Fat Cells, Fat Cell Clusters, Myotubes, and Total Cell Number. Cul- tures were routinely stained for lipid and counterstained as detailed elsewhere . Three photomicrographs of each vessel were used for total cell counting. Fat cells were counted in photomicrographs of 2.2-mm 2 microscopic fields, whereas immunoreactive cells were counted in photographs of 1.3-mm 2 microscopic fields and 10 to 15 photographs of each dish were counted. Fat cell clusters and myotubes were counted in 6-mm 2 and 3.5-mm 2 microscopic fields, respectively, and six to eight microscopic fields of each dish were counted.
Evaluation of Immunoreactive
Statistics. Data from the comparisons of adiposeand muscle-SV cultures (depots) were analyzed by a two-way ANOVA for main effects of depot, DEX treatment, and treatment × depot interactions (SAS Inst. Inc., Cary, NC). Data from the comparisons of different substrata were analyzed by a two-way ANOVA for main effects of substrata, DEX treatment, and substrata × treatment interactions. Differences between means were determined by least squares contrasts (SAS Inst. Inc.).
Results
Morphological Observations. In general, muscle-SV cells attached and spread slower than adipose-SV cells, resulting in some poorly attached and spread cells in muscle-SV cultures at d 1 (Figure 1 ). Throughout the culture period, muscle-SV cells remained morphologically distinct from adipose-SV cells in regards to the spreading and establishment of uniform monolayers. Preadipocytes (AD-3+ cells) were randomly distributed as isolated cells in adipose-SV and muscle- SV cultures at d 1 (Figure 1 ). Preadipocyte clusters were evident in muscle-SV and adipose-SV cultures by d 3, but they were fewer and larger in muscle-SV cultures. This divergence in number of preadipocyte clusters continued because the number of preadipocyte/fat cell clusters at d 6 was much greater in adipose-SV control (ITS) cultures than in muscle-SV control cultures (i.e., 4.7 ± 0.3 vs. 1.34 ± 0.4, means ± SEM of four to five experiments; t-test, P < 0.05). Also, the percentage of fat cells on d 6 was lower in muscle-SV than in adipose-SV control cultures (Table 1) . Regardless of treatment media, a small number of myoblasts and small myotubes were observed on d 6 in muscle-SV cultures, and, as expected, myotubes were never observed in adipose-SV cultures.
Immunocytochemical Analysis of Preadipocyte Development in Muscle-SV and Adipose-SV Cultures Treated from d 3 to 6 with Insulin (ITS) or ITS+DEX.
Preadipocytes had little lipid and were clustered in muscle-SV cultures following treatment with ITS+DEX ( Figure 2A ). There were significant (P < 0.001) main effects of depot and DEX treatment and significant treatment × depot interactions for the percentage of fat cells, the percentage and number of preadipocytes, the percentage and number of C/EBPα-reactive cells, and the number of PPARγ-reactive cells (Table 1 ). The main effect of depot and treatment was significant (P < 0.001) for fat cell number, but the treatment × depot interaction was not significant (Table 1). Treatment with ITS+DEX increased the absolute and relative number of preadipocytes approximately threefold in muscle-SV cultures and fivefold in adipose-SV cultures (Table 1) . The absolute and relative number of C/EBPα-reactive cells were increased similarly by ITS+DEX in muscle-SV and adipose-SV cultures, whereas the absolute and relative number of fat cells was increased in adipose-SV cultures but not in muscle-SV cultures (Table 1) . Treatment with ITS+DEX increased PPARγ-reactive cells to a much greater degree in adipose-SV cultures than in muscle-SV cultures (Table 1) . The absolute and relative numbers of fat cells, preadipocytes, and C/ EBPα-and PPARγ-reactive cells after ITS+DEX treatment (Table 1) were 3 ± 0.4-fold higher in adipose-SV than in muscle-SV cultures. Values are least squares means ± SEM for four to six experiments or replications for the AD-3 and fat cell counts and two to three experiments for the PPARγ and C/EBPα counts with three to four dishes in each experiment. Cultures were reacted for the AD-3 antigen, PPARγ, or C/EBPα after treatment for 3 d with either ITS or ITS+DEX, following seeding and plating in FBS from d 0 to 3.
Fat Cell Cluster and Fat Cell Numbers in Muscle-SV and Adipose-SV Cultures Treated from d 0 to 3 with FBS or FBS+DEX Followed by ITS from d 3 to
Means in a row that do not have a common superscript differ (P < 0.05).
6. There were significant (P < 0.001) main effects of depot and DEX treatment and significant treatment × depot interactions for the percentage and number of fat cells and fat cell cluster number (Table 2) . Fat cell numbers and percentages and fat cell cluster numbers were increased by FBS+DEX-ITS in adipose-SV and muscle-SV cultures (Table 2; Figure 2B ). Treatment with FBS+DEX induced 8 ± 1.4-and 6 ± 1.5-fold increases in fat cell cluster number in adipose-SV cultures and muscle-SV cultures, respectively. However, fat cell numbers and percentages and fat cell cluster numbers were three-to fivefold higher in adipose-SV than in muscle-SV cultures after FBS+DEX treatment (Table 2) . Treatment with FBS ± DEX and pig serum (5%) ± DEX treatments induced a similar degree of fat cell cluster development in muscle-SV cultures ( Figure 2C ).
In addition, several substrata were used to promote attachment in muscle-SV cultures (Figure 3 Means within a row that do not share a common superscript are different (P < 0.05). coated substrata were not attached well and tended to round up during the serum-free ITS period. The main effect of treatment was significant (P < 0.001), but there was no main effect of substrata and no substrata × treatment interaction. These studies showed that DEX treatment increased fat cell cluster development in muscle-SV cultures to a similar degree on various substrata (Figure 3) . In another attempt to improve cell attachment in muscle-SV cultures, muscle-SV and adipose-SV cultures were treated with ITS+DEX from d 3 to 6 following FBS+DEX (FBS+DEX-ITS+DEX). Compared to FBS+DEX-ITS, FBS+DEX-ITS+DEX treatment increased fat cell clusters in muscle-SV cultures by 87 ± 25% (6.9 ± 0.7 vs. 13.6 ± 0.5, means ± SEM of two experiments). In contrast, treatment of adipose-SV cultures with FBS+DEX-ITS+DEX had no influence on fat cell cluster number as has been reported (data not shown; Yu et al., 1997) . All fat cells in DEX-treated muscle-SV and adipose-SV cultures were positive for C/EBPα (not shown), AD-3, and PPARγ ( Figures 2B,C and 4) . Staining for lipid after reacting for either C/EBPα or PPARγ showed that lipid accretion was only evident in cells with C/EBPα-and PPARγ-reactive nuclei (Figure 4 ).
In one of these studies, adipose-SV cells were rinsed early and treated with FBS-ITS+DEX. In two of these studies, adipose-SV cells were seeded and plated on laminin, rinsed early, and treated with FBS+DEX-ITS. As expected, early rinsing and/or laminin substrata had no adverse influence on the response of adipose-SV cultures to DEX treatment.
Morphological and Cytochemical Analysis of Myogenesis in Muscle-SV cultures.
Immunocytochemistry with the myoblast/myotube-specific monoclonal antibody 5.1.H11 delineated myoblasts and small myotubes from preadipocytes and other cells in muscle-SV cultures ( Figure 5 ). Staining for lipid after reacting with the 5.1.H11 antibody showed that myoblasts and myotubes were devoid of lipid ( Figure 5 ). Furthermore, myoblasts and myotubes were not reactive for the AD-3 antigen (data not shown). The percentage of total nuclei that were myotube nuclei was less than 1% on uncoated and FN substrata.
Total Cell Number. Total cell number per unit of area was not influenced by treatment or source of SV cells. For instance, total cell numbers at d 6 ranged from 461 ± 20 to 414 ± 15 for adipose-SV cultures and from 448 ± 41 to 360 ± 50 for muscle-SV cultures (means ± SEM of four studies).
Discussion
These studies are the first to demonstrate the development of porcine intramuscular preadipocytes in vitro. Intramuscular adipose tissue-SV cell cultures were derived from older animals in studies of bovine intramuscular preadipocytes (Sato et al., 1996; Torii et al., 1998) . Therefore, the current studies are also the first to demonstrate the development of preadipocytes in earlier stages of intramuscular adipose tissue development. Although treatment with ITS+DEX produced magnitudes of increases in C/EBPα-and PPARγ-reactive cells and preadipocytes in muscle and adipose-SV cultures, the absolute number of fat cells and resulting proportions of preadipocytes, fat cells, and C/EBPα-reactive cells were much lower in muscle-SV cultures. The extent of adipogenesis in ITS+DEX-treated muscle-SV cultures is obviously related to the remarkably low proportions of preadipocytes and adipocytes in basal (no DEX) muscle-SV cultures. Very low proportions of preadipocytes and adipocytes were also evident in basal cultures of adipose-SV cells derived from 50-d fetal pigs (Hausman, 2003) . In 50-d fetal adipose-SV cultures, DEX induced a significant but very small increase in preadipocyte number whereas fat cell number remained unchanged. Dexamethasone induced a greater increase in preadipocyte number in 75-d fetal adipose-SV cultures but failed to increase fat cell number as in 50-d fetal adipose-SV cultures (Hausman, 2003) . Therefore, muscle-SV cultures and early fetal adipose-SV cultures are similar in several ways, including an inability of DEX to increase fat cell number. Regardless, the diminished adipogenesis in muscle-SV cultures relative to young pig adipose-SV cultures may be attributable, in part, to lower proportions of preadipocytes/adipocytes in basal cultures and lower numbers of DEX-recruitable cells.
Ligand binding studies indicate that glucocorticoidreceptor affinity and number increase with differentiation in pig adipose-SV cell cultures (Chen et al., 1995) . Furthermore, reduced dexamethasone-driven adipogenesis in fetal adipose-SV cell cultures was associated with low-glucocorticoid-receptor affinity and number (Chen et al., 1995) . Therefore, reduced dexamethasone-driven adipogenesis in muscle-SV cultures may be attributable to lower glucocorticoid-receptor affinity and number relative to adipose-SV cultures. However, examination of glucocorticoid receptor gene expression and/or ligand binding studies in muscle-SV cultures are necessary to support or substantiate this possibility.
The very low proportions of preadipocytes/adipocytes in muscle-SV cell cultures may, in part, be due to the presence of myogenic cells (Mesires and Doumit, 2002; present study) , which are apparently nonadipogenic. Furthermore, adipose-SV cell cultures on laminin substrata without serum contained preadipocytes (high laminin affinity) and DEX-recruitable cells (in- Figure 4 . Double-staining for lipid and peroxisome proliferator-activated receptor (PPAR)-γ at d 6 in fetal bovine serum (FBS)+dexamethasone (DEX)-treated muscle-SV cell cultures. Immunoreactivity was visualized by using a peroxidase staining kit. Lipid appears as the dark staining droplets (black arrows) in the cytosol. Note that PPARγ-reactive nuclei distinguish preadipocytes (white arrows) from unreactive or unstained cells (✩). Furthermore, PPARγ nuclear reactivity (white arrows) was associated with lipid accretion (black arrows). Stars (✩) indicate unreactive or unstained cells, ×400.
termediate laminin affinity; Yu and Hausman, 1998) , whereas fetal muscle-SV cell cultures contained only myoblasts and preadipocytes under the same conditions (high laminin affinity; our unpublished observations). Therefore, the absence of a population of adipogenic (DEX-recruitable) cells coupled with the presence of nonadipogenic (myoblasts) cells may account for the low proportions of adipogenic cells in muscle-SV cultures.
Several features distinguish the present study from studies of bovine intramuscular muscle cell cultures (Sato et al., 1996; Torii et al., 1998) . For instance, preadipocyte lipid filling was dependent on either octanoate (Sato et al., 1996) or high levels of a thiazolidinedione (Torii et al., 1998) in bovine intramuscular-SV cell cultures. Analysis of preadipocyte differentiation in those studies did not include early markers of differentiation, in contrast to the present study, which precluded evaluation of preadipocyte recruitment per se (Sato et al., 1996; Torii et al., 1998) . Furthermore, in those studies (Sato et al., 1996; Torii et al., 1998) and studies of cloned bovine intramuscular preadipocytes (Nakajima et al., 2002a,b; Aso et al., 1995) , differentiation was not evaluated cytochemically for lipogenic enzymes and transcription factors. It is critical to demonstrate that lipid-accreting cells are, in fact, expressing lipogenic enzymes and transcription factors like PPARγ and C/EBPα, as we did in the present study. Furthermore, localization of transcription factors like PPARγ within the cell is critical to functionality because the activation of PPARγ involves translocation from the cytosol to the nucleus (Inoue et al., 2001; Jiang et al., 2000) . Western blots for PPARγ in whole cytosol preparations cannot identify or localize cellular or intracellular sources of PPARγ immunoreactivity (Torii et al., 1998) . In this regard, we clearly Figure 5 . Muscle-SV control culture on fibronectin substratum immunostained for the 5.1H11 antigen followed by lipid staining and light counterstaining with hematoxylin on d 6. Immunoreactivity was visualized by using a peroxidase staining kit. Lipid appears as dark-staining droplets in the cytosol. Note the 5.1H11 immunoreactive small myotubes (white arrows) associated with nonreactive small adipocytes (black arrow). Nonreactive cells are indicated by a star, ×200. demonstrated, herein, that nuclear PPARγ immunoreactivity in intramuscular preadipocytes was associated with the onset of lipid accretion.
Implications
A cell culture system was developed to culture intramuscular preadipocytes derived from neonatal pig muscle. Dexamethasone enhanced the development of both subcutaneous and intramuscular preadipocytes. Cultures of subcutaneous and intramuscular preadipocytes derived from the same pig can be used to identify agents or compounds that can differentially influence intramuscular and subcutaneous adipocyte development. Indirect influences of these agents can also be examined by treating subcutaneous and intramuscular preadipocyte cultures with serum from pigs treated with these agents. Identification of such agents will allow the development of treatment protocols to increase marbling deposition, while decreasing or maintaining subcutaneous fat deposition. 
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